An antiferromagnetic NiO spiral wall in Fe/NiO/Co 0.5 Ni 0.5 O/vicinal Ag(001) was created by rotating Fe magnetization and investigated using x-ray magnetic linear dichroism (XMLD). Different from the Mauri's 180°s piral wall, we find that the NiO spiral wall always switches its chirality at ∼90 • rotation of the Fe magnetization, and unwinds the spiral wall back to a single domain with a further rotation of the Fe magnetization from 90°to 180°. The effect of this chirality switching on the magnetic anisotropy was studied using rotational magneto-optic Kerr effect (ROTMOKE) on Py/NiO/Co 0.5 Ni 0.5 O/vicinal Ag(001). We find that the original Mauri's model has to be corrected by an energy folding due to the chirality switching, which consequently converts the exchange bias from the Mauri's 180°spiral wall into a uniaxial anisotropy and a negative fourfold anisotropy.
A ferromagnetic (FM)/antiferromagnetic (AFM) system is one of the most interesting magnetic systems because of the induced exchange bias and magnetic anisotropy in the FM layer [1] [2] [3] . The key issue of this subject is how the AFM spins respond to the FM magnetization reversal and subsequently affect the FM layer properties? Despite the great progress in terms of material expansion [4] and measurement scale [5] , there exist many ambiguous issues mostly due to the lack of a direct measurement of the AFM spins so that most studies have to assume certain AFM spin configurations [6] [7] [8] [9] [10] . This difficulty is overcome partially by the development of x-ray magnetic linear dichroism (XMLD) [11] which could probe AFM spins in certain AFM single crystalline films. For example, it has been believed for a long time that exchange bias comes only from FM/AFM interfacial coupling [12] until it was shown that the exchange bias actually depends on AFM bulk spins [13] [14] [15] and could even be dominated by AFM defects [16] . This mystery was resolved by XMLD measurement which shows that exchange bias is associated only with a small amount of pinned uncompensated AFM spins [17] which could have a wide distribution from the FM/AFM interface to the bulk AFM layer [18] . In contrast, the majority compensated AFM spins, depending on their rotatable or frozen nature [19] , are responsible for different types of the magnetic anisotropies in the FM layer [20, 21] . Regarding the key question of how the AFM spins respond to the FM magnetization reversal, the most mysterious issue concerns the so-called Mauri's model in which FM/AFM interfacial coupling is presumed to twist the AFM spins into a 180°spiral wall during the FM magnetization reversal and subsequently creates an exchange bias [22] . In theory, Mauri's model has encountered the difficulty of AFM interfacial spin frustrations [23, 24] , and should lead to a zero exchange bias in the limit of perfect spin compensation [25] . In experiment, a recent XMLD measurement challenges the Mauri's 180°spiral wall structure by showing that the AFM spiral wall winds up only to ∼90 • , then switches its chirality, and unwinds the wall from 90°to 180°rotation of the FM magnetization [26] . Noticing that Mauri's model has been applied to a FM/AFM system over three decades, the absence of the Mauri's 180°wall raises an urgent question about whether the Mauri's model needs a correction by the chirality switching of the AFM spiral wall in order to appropriately describe the FM overlayer? To answer this question, we carried out an experimental study on FM/NiO/Co 0.5 Ni 0.5 O/vicinal Ag(001). By rotating the FM magnetization, we revealed the NiO spiral wall structure by XMLD measurement and studied the corresponding magnetic anisotropies of the FM layer by rotation magneto-optic Kerr effect (ROTMOKE).
A 10 mm×10 mm vicinal (6°angle) Ag(001) with steps parallel to [110] axis [ Fig. 1(a) ] was cleaned in an ultrahigh vacuum system by cycles of Ar ion sputtering at 2 keV and annealing at 500°C. An 8-nm Co 0.5 Ni 0.5 O film was grown by coevaporating Co and Ni at 200°C substrate temperature and at an oxygen pressure of 2.0×10 −6 Torr, followed by an annealing at 450°C for half an hour in an oxygen environment. Then a NiO wedge (0-18 nm) was deposited by moving the substrate behind a shutter [27] at the oxygen atmosphere of 2.0×10 −6 Torr at room temperature. A 1.5nm Fe film was deposited on one half of the sample for , and the formation of polycrystalline Py film. The sample was capped with a 2-nm Ag layer [28] , and was measured using XMLD in total electron yield mode at beam line 4.0.2 and beamline 6.3.1 of the Advanced Light Source (ALS). ROTMOKE was measured using a rotation MOKE setup [29] .
We first took Co and Ni x-ray absorption spectra (XAS) in Fe/Co 0.5 Ni 0.5 O/vicinal Ag(001). It is known that a vicinal surface aligns the AFM spin axis for CoO(001) and NiO(001) films [27, 30] . The different Néel temperatures (T N ) of CoO (T N ∼ 290) and NiO (T N ∼ 520 K) are expected to lead to an AFM Co 0.5 Ni 0.5 O film on vicinal Ag(001) with T N > 300 K [31] [32] [33] and with an in-plane spin axis perpendicular to the atomic steps [27] . By taking XAS [19] [20] [21] [26] [27] [28] We then studied the NiO spiral wall in Fe(1.5 nm)/ NiO(d NiO )/Co 0.5 Ni 0.5 O(8 nm)/vicinal Ag(001) by applying a 4000 Oe magnetic field ( H ) to align the Fe magnetization to the x and y axis, respectively. In the thin limit of NiO thickness at d NiO = 3 nm, we observe the same XAS spectra at Co Next, we studied the FM overlayer magnetic anisotropy. In order to reveal the induced magnetic anisotropy rather than the enhancement of an existing anisotropy, we studied Py soft magnetic film as opposed to Fe film. Since the Py/NiO coupling has comparable coupling strength with the Fe/NiO [35, 36] , we expect that the NiO spiral wall in Py/NiO/Co 0.5 Ni 0.5 O/vicinal Ag(001) behaves the same as in Fe/NiO/Co 0.5 Ni 0.5 O/vicinal Ag(001). We first confirmed that the 25-nm Py layer on vicinal Ag(001) has a negli- gible magnetic anisotropy so that any Py anisotropies in Py/NiO/Co 0.5 Ni 0.5 O/vicinal Ag(001) should come entirely from the Py/NiO interaction. ROTMOKE was applied to the film with a 700-Oe in-plane rotating magnetic field. The Py magnetic energy density is described by
Here 
Here l (ϕ FM ) is the magnetic torque which is determined by experimental values of ϕ H and ϕ FM . Figure 4 2), we obtained the anisotropy fields. First, we find that the exchange bias field is negligibly small (H 1 < 5 Oe) for all d NiO , showing that the NiO chiralityswitched spiral wall (Fig. 3) does not lead to an obvious exchange bias. Next, we find that the Py film always consists of a positive uniaxial anisotropy (H 2 > 0) and a negative fourfold anisotropy (H 4 < 0) with their magnitudes being constants for d NiO < 3 nm, decreasing with d NiO for 3 < d NiO < 16 nm, and becoming small constants for d NiO > 16 nm [ Fig. 4(c) ], corresponding exactly to the three regions of the NiO chirality-switched spiral wall [ Fig. 3(g) ]. It should be mentioned that the planar domain wall width in bulk NiO was reported to be ∼14 nm [37] which is very close to the ∼16 nm value in our system. It is easy to understand the uniaxial anisotropy. For frozen NiO spins parallel to the y axis at d NiO < 3 nm, the Py/NiO perpendicular interfacial coupling favors the Py magnetization in the ±x axis, leading to a uniaxial anisotropy. [20, 38] where the Fe/CoO magnetic coupling modifies the existing Fe fourfold anisotropy, polycrystalline Py film does not contain a fourfold anisotropy so that the observed H 4 must come entirely from the Py/NiO interaction. It is tempting to relate the Py fourfold anisotropy to the NiO(001) fourfold anisotropy. However, bulk NiO and CoO anisotropies favor their spins parallel to the [110] and [110] axes (x and y axes in Fig. 4) [25, 38] , thus they cannot explain the negative Py fourfold anisotropy which favors the Py spins parallel to the NiO [100] and [010] axes (±45 • to the x axis).
To understand the role of the chirality switching of the NiO spiral wall in the Py anisotropy, we have to correct the Mauri's model to describe the Py magnetic energy Fig. 3(g) , we plot the thickness dependence of H 2 (d NiO ) in Fig. 4(c) . The result agrees very well with the experimental data.
To understand the fourfold anisotropy especially in thin NiO thickness limit, consider first the extreme case of a small spiral angle. Minimizing the energy of Eq. (3) with respect to ϕ AF , it is easy to show that the total energy in this limit is E ≈ J C sin 2 ϕ FM − 2J 2 C /E W sin 2 ϕ FM cos 2 ϕ FM , i.e., a positive uniaxial anisotropy and a negative fourfold anisotropy, in agreement with the experimental observation. In fact, the negative fourfold anisotropy is a general result of any small angle AFM spiral wall opened by a perpendicular FM/AFM interfacial coupling, and the energy folding at ϕ FM = 90 • due to the chirality switching of the AFM spiral wall naturally converts the exchange bias from the Mauri's 180°spiral wall into a uniaxial, a fourfold, and higher even order anisotropies in the FM film (Supplemental Material [39] ). For greater value of ϕ AF in the region of 3 < d NiO < 16 nm, we performed numerical calculation to minimize the energy of Eq. (3) and obtained the fourfold anisotropy H 4 by doing the corresponding Fourie transformation (Supplemental Material [39] ). The result agrees well with the experimental data [ Fig. 4(c) ].
In summary, we investigated the NiO spiral wall in FM/NiO/Co 0.5 Ni 0.5 O/vicinal Ag(001) system. We find that NiO AFM spins are almost frozen for d NiO < 3 nm, gradually form a spiral wall for 3 < d NiO < 16 nm, and complete the spiral wall formation for d NiO > 16 nm. Different from Mauri's 180 • wall, we find that the NiO spiral wall switches its chirality at ϕ FM = 90 • and consequently lead to a uniaxial anisotropy and a negative fourfold anisotropy. The original Mauri's model has to be corrected by taking into account the chirality switching of the AFM spiral wall in order to explain the experimental observations. 
